We demonstrate that computer-generated diffractive optical elements can be used to synthesize the infrared spectra of real compounds. In particular, we describe a modified phase-retrieval algorithm that we have used to design diffractive elements of this type and we present experimental results for a diffractive optic which is capable of synthesizing the infrared spectrum of HF between 3600 cm' and 4300 cm' . The reflection-mode diffractive optic consists of 4096 lines, each 4.5 tm wide, at 16 discrete depths relative to the substrate (from 0 to 1.2 jim), and was fabricated on a silicon waler using anisotropic reactive ion-beam etching in a four-mask-level process. We propose the use of such elements to replace reference cells in a new type of correlation spectroscopy that we call "holographic correlation spectroscopy." Storage of a large number of diffractive elements, each producing a synthetic spectrum corresponding to a different target compound, in compact disk-like format, will allow a spectrometer of this type to rapidly determine the composition of unknown samples. Further, this approach can be used to perfonn correlation-based measurements of hazardous or transient species, for which conventional correlation spectroscopy is impractical.
INTRODUCTION
Continued refinement of semiconductor microlithographic techniques has stimulated increasing interest in diffractive optics, since it is now possible to accurately fabricate large-area surface relief patterns containing subwavelength features. Advancement of diffractive optic technology is dependent on progress in two primary areas: development of an understanding ofthe capabilities ofdiffractive optics, so that new applications can be identified; and improvement of the procedures used to design these devices, to enable high perfonnance devices."2 Although several mulispectral applications have been investigated previously, the bulk of the development effort has thus far been directed toward the development of diffractive optics for monochromatic applications. In this paper, we describe a new application for diffractive optics: the production of synthetic infrared spectra. In addition, we propose the use of these elements to produce reference spectra for a new type of correlation spectroscopy that we call "holographic correlation spectroscopy."3 This paper is organized as follows: first, a simple discussion of correlation spectroscopy is presented to enumerate the advantages of using diffractive optics in this technique; second, the computational procedure used for the design of diffractive optics that are capable of synthesizing infrared spectra are outlined; finally, the perfonnance of a diffractive optic which was designed and fabricated to synthesize the infrared spectrum of HF between 3600 cm' and 4300 cm4 is presented.
CORRELATION SPECTROSCOPY
Correlation spectroscopy is an attractive technique for sensing and analysis applications because it combines the attributes of mechanical and optical simplicity, high selectivity, and good sensitivity. 4 In correlation spectroscopy, the degree of correlation between the transmission of an unknown sample and a reference cell containing a known compound is determined over a fixed spectral range.4 For materials such as gases that are characterized by narrow absorption lines, the cross-correlation between the transmission spectra of different compounds can usually be neglected,4 and a significant correlation will be observed only when the sample and reference cells contain the same compound. Excellent selectivity is thereby obtained. Correlation spectroscopy also achieves good sensitivity for materials with narrow absorption bands, since the transmission auto-correlation functions of these materials are sharp and small modulations of the transmission of the reference cell can impose a large modulation on a beam that transits both cells.
In a typical correlation spectrometer, broadband light first passes through the unknown sample, and then through a reference cell containing a target compound (see Fig. 1a ). 4 To measure the degree of correlation between the two spectra, the transmission spectrum of the reference cell is modulated by a suitable means,4 and the output of the detector at the modulation frequency is recorded. In the case where the modulation of the reference cell transmission is equivalent to a wavelength shift by an amount 8?, the fractional modulation of the transmitted optical power (P/P0) recorded at the detector will be given by J dx
where T5(2) and TR(?.) are the transmission spectra of the sample and reference cells, respectively. For simplicity, the spectrum of the incident radiation is assumed to be constant in the range from ? to x2 and zero elsewhere. For high selectivity and good sensitivity, it is essential that the spectral range used in the determination of the cross-correlation is large enough to encompass several absorption bands of the target compound. When, both the sample and reference cells contain the same compounds, the cross-correlation of their transmission fimctions will be strongly peaked at X=O, and a small wavelength modulation of the transmission of the reference cell can lead to a relatively large fractional modulation of the transmitted power. Conversely, when the target compound is not present in the sample cell, the cross-correlation is not peaked at 8?=O, and the fractional modulation will be small.
The transmission spectra for many compounds of interest are characterized by narrow, isolated, absorption bands and are thus near unity for most wavelengths. For these materials, a large background of unmodulated radiation will reach the detector since the overall transmission will only be modulated in spectral regions where the reference absorbs. Consequently, the denominator of Eq. 1 will be large, and the magnitude of the fractional modulation of the transmitted light will be limited. To overcome this difficulty, the total spectrum of light that is allowed to reach the detector is usually limited by means of a band-pass filter to one or more regions near important absorption bands.
Although this discussion assumes a wavelength modulation of the reference transmission, other modulation schemes (such as pressure modulation and Stark modulation) that result in line width modulation of the reference transmission are more commonly used. A third type of modulation is achieved by phase modulating the optical radiation as it propagates from the sample to the reference. 6 An important characteristic of any modulation method is maintaining a constant spectrally integrated transmission of the reference cell to minimize any background modulation ofthe transmitted light.
A schematic diagram of the holographic correlation spectrometer is shown in Figure lb . The principal difference between this spectrometer and the traditional correlation spectrometer of Fig. la is the replacement of the reference cell by a diffractive element. The diffractive element may operate in either a reflective (shown) or transmissive mode. In this configuration, the total power measured at a diffraction angle °d S determined by the cross-correlation between the transmission of the sample cell, and the diffraction efficiency of the diffractive element (at Od). If the diffraction efficiency spectrum closely corresponds to the absorption spectrum of a compound of interest, then the effect of the diffractive element is analogous to that arising from a reference cell containing a physical sample.
The use of diffractive elements to produce reference spectra has several significant advantages over the use of reference cells containing real materials. 7 5. Since there is spatial information in the direction perpendicular to the diffraction plane, it should be possible to develop an imaging correlation Spectiometer by modifying a simple holographic correlation spectrometer to include a detector array and "push broom" collection optics.
A final advantage of the use of diffractive elements in correlation spectroscopy is obtained when the reference spectrum synthesized is the complement (1-Ta) of the transmission (Tn) of the real target compound. In this case the fractional change in the detected power is given by
P0
Note that, except for a change in sign, the numerator of Eq. 2 is identical to that of Eq. 1. However, the denominator of Eq. 2 will be significantly smaller than that of Eq. 1 when the transmission spectra of the sample and reference compounds consist of narrow, isolated lines. Thus, the fractional modulation of the detected power (and, hence, the signal-to-noise ratio) is larger when the reference spectrum is the complement of the transmission spectrum ofthe target compound.
DESIGN PROCEDURES
The production of a synthetic spectrum requires the design of a diffractive element, whose diffraction efficiency spectrum at a predetermined diffraction angle is identical to the infrared spectrum of interest. For a phase-shifting element, this requires the determination of a phase profile, 4(x) , which, when imposed on the incident broadband infrared beam, will result in the desired efficiency spectrum. The procedure used to design these optics was described in detail in Ref. 7 , and will only be outlined briefly here. First, the infrared spectrum of the compound of interest is converted to a "u-space" amplitude profile, where u is the Fourier-space variable conjugate to the linear coordinate along the diffractive element (x). Assuming nonnal incidence on the diffractive element, u is given by:
where 9 is the diffraction angle, and X is the wavelength of the incident light. In contrast to monochromatic applications, which exploit the angular dependence of u, the present application exploits its spectral dependence.
Working in the Fraunhofer approximation8 and assuming spatially uniform incident radiation, a modified Gerchberg-Saxton algorithm9"0 is then used to obtain a phase profile 4(x) which produces a close approximation to the desired u-space profile. To accommodate a four-mask-level fabrication procedure, the traditional GerchbergSaxton algorithm is modified to produce a phase profile discretized to 16 phase levels. The phase profile determined in this manner is then translated into a surface relief profile, d(x), using d(x) = 4(x).i / 4it, where ? is a specific wavelength within the spectral range of interest (usually the wavelength which corresponds to the largest feature in the spectrum). The surface relief profile obtained in this fashion represents the first approximation of the solution to the design problem. For any wavelength (A), the phase profile imposed by the surface relief profile determined above is given by: (4) where the subscript indicates that the phase profile depends parametrically on the wavelength. Note that the imposed phase profile will exactly match the phase profile detennined by the Gerchberg-Saxton algorithm only at The spectrum ofdiffracted radiation is obtained from the surface relief profile by calculating the diffracted intensity for each wavelength within the spectral range ofinterest. For each wavelength, the phase profile imposed by the diffractive element is calculated according to Eq. 4, and a forward Fourier transfonn is perfonned to generate the u-space profile for that wavelength. Since both ?. and 9 are known, the u-space coordinate required for the output spectrum is determined from Eq. 3, and the amplitude corresponding to this u-value can be extracted from the u-space profile. This procedure is then repeated for each wavelength in the desired spectral range to assemble the entire spectrum. The surface relief profile is further optimized using a simulated quenching procedure," in which the full spectrum is calculated for each step in the quenching algorithm.
DEVICE FABRICATION AND EVALUATION
The target compound for this investigation, hydrogen fluoride, was chosen for several reasons.'2 First, the JR spectrum of HF in the region from 3600 cm' to 4300 cnf' consists of a series of sharp rotational lines superimposed on a broad vibrational envelope. The multi-line nature of this spectrum makes HF an ideal candidate for detection using correlation spectroscopy.4 Hydrogen fluoride is also an example of a compound for which construction of a stable reference is difficult and hazardous. A solid-state diffractive optic that synthesizes the IR spectra of HF would circumvent this problem, providing the basis for a correlation spectrometer for the detection of HF. Using the procedure described above and in Ref. 7 , a reflection-mode diffractive optic was designed to synthesize the HF spectrum at a diffraction angle of 15°. It consists of 4096 lines, each of width 4.5 pm, for an overall length of 18.4 mm. The depths of the lines relative to the substrate ranges from 0 to 1.2 j.tm in 16 discrete steps. The choice of 4096 lines is dictated by the desire to achieve high spectral resolution (which requires a large element with many lines), without introducing significant computational or fabrication complications.
The surface relief profile was fabricated on a silicon wafer using a four-mask-level process (since the etching process described below is additive, n mask levels can be used to produce 2" discrete etch depths)'2. The four masks were produced on quartz substrates using direct-write electron-beam lithography. For each mask level, the silicon wafer was treated with a vapor of hexainethyldisilazane (HMDS), and a 1.4-rim-thick layer of AZ5214 photoresist was applied by spin coating. Alignment of the 21, 3rd and 4th mask levels to the previous levels was accomplished using a Suss MJB3 contact printer. The mask corresponding to the shallowest etch depth was used first, with subsequent masks used in order of increasing etch depths. Alignment features were included in the mask design to aid in this process. Mask-to-mask alignment tolerances are estimated to be 0.5 pm. Subsequent to development of the photoresist images, the silicon was etched in a load-locked reactive-ion-beam etcher described elsewhere.'3 This machine produces extremely anisotropic silicon etching, with depth uniformity. After the 4th level was etched, a reflective layer consisting of 100 A of titanium and 500 A of gold is deposited onto the diffractive element. Figure 2 shows a scanning electron micrograph of a portion of one of the gratings produced in this manner. A diagram of the experimental apparatus used to evaluate the diffractive elements is shown in Figure 3 •12 The output of a tungsten-halogen lamp is directed through an order-sorting filter and chopper, and focused onto the entrance slit of a 0.25 m monochromator. The output of the monochromator is collimated with a 200 mm focal length spherical mirror, directed onto a flat steering mirror, and then strikes the diffractive element at nonnal incidence. The infrared radiation diffracted at 15° to the element nonnal is collected by a 200 nun focal length mirror and focused through an adjustable slit onto a photoconductive PbS detector. The detector output was recorded using a lock-in amplifier. A personal computer was used to scan the monochromator and record the output of the lock-in amplifier. The intensity spectrum recorded in this manner is normalized by replacing the diffractive element with a flat mirror which is adjusted to reflect the infrared radiation in the direction of the focusing mirror. In this manner, diffraction efficiency spectra are obtained. The infrared spectrum of HF in the region between 3600 cm' and 4250 cm1 is shown in Figure 4a . '4 Apart from an increase in the widths ofthe rotational lines, the theoretical diffraction efficiency spectrum predicted by the algorithm (Fig. 4b) closely resembles the real HF spectrum. The increased line width is due to the resolution limitations imposed by the use of an 18.4 mm diffractive element. With a larger element, narrower absorption lines could be synthesized. Figure 4c shows the synthetic spectrum measured from the HF diffractive element.'2 4il the major rotational lines, seen in the real HF spectrum, appear in the synthetic spectrum at the correct spectral positions and with approximately correct relative intensities. Thus, this optical element successfully synthesizes the general features ofthe HF spectrum. The spectral positions ofthe diffraction efficiency peaks observed for the HF diffractive element match those of the rotational lines of HF only at a 15° diffraction angle. Small variations in the angle at which the diffracted radiation is observed result in shape-preserving spectral shifts of 300 cm1/deg. This behavior is precisely what is expected from consideration of the diffraction process (see Eq. 1), and offers an easy means of generating the spectral modulation required for correlation spectroscopy.
Monochromator PbS Detector
Although the synthetic spectrum shown in Fig. 4c faithfully reproduces many of the features of the real HF spectrum (Fig. 4a) , it is obvious that the synthetic spectrum exhibits deviations from the real spectrum. The primaiy deviation is the increased line width of the synthetic spectrum. This is principally due to the resolution limitations of the simple experimental apparatus used to record the synthetic spectrum. Narrower lines have been obtained by increasing the resolution of the monochromator, at a cost of decreased signal-to-noise levels. The line widths of the spectrum shown here represent a compromise between resolution and signal-to-noise considerations. The development of a characterization system capable of higher resolution and better signal-to-noise levels is currently under way. It is important to note that slightly broadened lines are not necessarily detrimental to correlation spectroscopy applications: provided the extent of spectral modulation exceeds the width of the synthetic spectral lines, the magnitude of the correlation signal will be very similar to that obtained using a perfect spectral match.
The other significant discrepancies between the synthetic spectrum and the real spectrum are the to design the diffractive element is questionable, since the minimum feature size is only twice as large as the operating wavelength. It is expected that higher accuracy will be obtained by incorporating rigorous diffraction models"2 in the design of the element. Second, fabrication errors (i.e. mask alignment errors and etch depth errors) result in deviations from the as-designed profile, and are expected to result in discrepancies between the synthetic and real spectra. Finally, any spatial non-unifonnity of the infrared radiation incident on the diffractive element may adversely affect spectral fidelity.
CONCLUSIONS
We have developed a computational procedure that allows the design of diffractive elements that can be used to synthesize the infrared spectra of real materials. In addition, we have designed and fabricated a diffractive optic that successfully synthesizes the HF spectrum between 3600 cm' and 4300 cm' . To our knowledge, this represents the first demonstration of using diffractive optics to synthesize infrared spectra. Finally, we have described a holographic correlation spectrometer in which the reference spectra are generated using diffractive elements rather than reference cells. Many of the limitations imposed by the use of real reference materials, such as those associated with toxic, corrosive, or transient species, are avoided using synthetic spectra. Storage of a large number of diffractive elements in compact disk-like format, or use of a programmable diffractive element, will allow a spectrometer of this type to detect many compounds without the need for reconfiguration. At present, work is underway to refine the design algorithms and improve our fabrication procedures in an effort to improve the accuracy ofthe synthetic spectra, and to demonstrate the use of these novel diffractive elements in a correlation spectroscopy-based cheniical sensor system.
